A novel trench shielded planar gate IGBT (TSPG-IGBT) with self-biased pMOS is proposed in this paper. It features a P-layer beneath the trench of the TSPG-IGBT to form a self-biased pMOS, which provides an additional path for the hole current and clamps the potential of the nMOS's intrinsic drain for lower saturation current. In the off-state, with the increasing potential of the N-cs (N-doped carrier store layer), the self-biased pMOS turns on and the potential of the P-layer will be clamped by the hole channel. Then, the reverse voltage is sustained by the P-layer/N-drift junction and the potential of the N-cs is shielded by the clamped P-layer region. Therefore, the N-cs can be heavily doped to reduce the on-state voltage (V on ) without decreasing the breakdown voltage. Compared with the conventional TSPG-IGBT, the V on of the proposed TSPG-IGBT is reduced by 0.3 V at the current density of 200 A/cm 2 with the same turn-off loss. Besides, the saturation current density of the proposed one is decreased by 24%.
I. INTRODUCTION
The insulated gate bipolar transistor (IGBT) is widely used in power electronics. The compromise among on-state voltage (V on ), turning-off loss (E off ) and short circuit safe operating area (SCSOA) is the key issue need to be considered in the design of IGBTs. The IEGT (Injection Enhanced Gate Transistor) [1] - [3] and the CSTBT (Carrier Store Trench Bipolar Transistor) [4] - [5] were introduced to reduce the on-state voltage V on . In the CSTBT, with the increase of the doping concentration of the N-cs (N-doped carrier store layer), the V on of the IGBT is reduced and a better tradeoff between V on and E off can be obtained. However, with the increasing dose of the N-cs, the breakdown voltage of the IGBT decreases dramatically [4] . In [6] - [13] , the charge compensation can be used to increase the doping concentration of the N-cs without sacrificing the breakdown voltage. In [14] , the trench shielded planar gate IGBT (TSPG-IGBT) balances the charge by using a deep trench. However, the dose of the N-cs (D ncs ) needs to be completely depleted when sustaining high voltage. The doping concentration of the N-cs (N ncs ) is still limited. In [15] , [16] , clamping the potential of nMOS's intrinsic drain with self-biased pMOS allows a further increasing N ncs and decreases the saturation current density, as the D ncs doesn't need to be completely depleted when sustaining high voltage.
In this paper, a novel trench shielded planar gate IGBT (TSPG-IGBT) with self-biased pMOS is proposed and investigated by TCAD tools. Due to the combination of the "self-clamping" effect and the trench charge compensation, the N ncs can be further improved without compromising the blocking capability and the saturation current density is also reduced which enlarges the SCSOA.
II. DEVICE STRUCTURE AND MECHANISM
As shown in Fig. 1(b) , the proposed structure has the same source trench and planar gate as the conventional TSPG-IGBT which is shown in Fig. 1(a) . To enhance the electron injection at the cathode side, a heavily doped N-cs is formed beneath the N-layer in the proposed TSPG-IGBT. To shield the potential of the N-cs, an additional P-layer under the source trench is introduced. The P-layer, N-cs/N-layer and the P-base as well as the source trench form a pMOS.
During the off-state, with the increasing potential of the anode, the potential of the N-cs increases. When the potential of the N-cs is more than the absolute value of the threshold voltage of the pMOS (V thP ), the pMOS will be automatically turned on. The P-layer will be connected to the cathode through the hole channel and the potential of the P-layer will be clamped at a low value. The further increased anode potential will be sustained mainly by the P-layer/N-drift junction. Consequently, the potential of the N-cs and the N-layer is shielded at a low value. Therefore, the N-cs can be heavily doped to obtain a lower V on before the breakdown occurs at the reverse biased P-base/N-layer junction.
During the on-state, the heavily doped N-cs enhances the electron injection at the cathode and reduces the conduction loss. As the potential of the anode rises, pMOS is turned on and the potential of P-layer is clamped. As long as the region of the N-drift sandwiched by the P-layer is fully depleted, the potential of the N-layer and the N-cs are clamped at a low value by the hole channel. Because the N-layer and N-cs serve as the intrinsic drain of the nMOS, a lower saturation current density can be obtained in the proposed structure compared with that of the conventional one. As the potential of the nMOS's intrinsic drain (V ND ) is determined by the clamped potential, the length of the channel can be reduced to improve the conduction performance without increasing the saturation current density. Consequently, the on-state voltage is reduced by reducing the channel length and increasing the doping concentration of N-cs, and the saturation current density is adjusted by designing different threshold voltage of the pMOS (V thP ). In other words, the on-state voltage and the saturation current density of the proposed structure can be varied separately. Fig. 2 shows the effect of N ncs on the breakdown voltage and the on-state voltage at J A = 200 A/cm 2 . In the conventional structure, with N ncs increasing from 1 × 10 16 cm −3 to 3 × 10 17 cm −3 , the on-state voltage decreases from 1.56 V to 1.42 V, but its breakdown voltage reduces dramatically from 742 V to 40 V. In the proposed structure, the breakdown voltage begins to reduce when N ncs increases to 1 × 10 18 cm −3 . This is because the pMOS clamps the potential of the nMOS's intrinsic drain in the off-state, the reverse voltage is mainly sustained by the P-layer/N-drift junction, shown in Fig. 3 . Fig. 3 compares the potential distribution and depletion lines of the conventional structure and the proposed structure at BV = 700 V. In the proposed structure, the reverse voltage is sustained by the P-layer/N-drift junction rather than the P-base/N-layer junction. The N-layer does not need to be fully depleted to sustain the high voltage. Therefore, the N-cs can be heavier doped to reduce the conduction voltage without sacrificing breakdown voltage. Fig. 4 shows the distributions of the hole concentration along line AA' at anode current density J A = 200 A/cm 2 . The higher value of the N ncs contributes to a higher hole carrier density near the cathode side, which improves the on-state conductivity significantly.
III. SIMULATION RESULTS AND DISCUSSIONS A. STATIC CHARACTERISTICS
For the conventional TSPG-IGBT, shortening of the channel length means that the JFET region is wider, which results in a higher potential at the intrinsic drain of the nMOS in the on-state, as shown in Fig. 5 . V ND is about 4.5 V for the conventional one with channel length L channel = 1µm. While, for the proposed one, the V PL is clamped at about 1.7 V after the anode voltage raises over 3V. Because the V ND is shielded by the clamped P-layer voltage (V PL ), the V ND is only about 1 V, even when the channel length is 1 µm. Higher V ND and shorter channel result in larger electron current density for the conventional one. Therefore, for the conventional TSPG-IGBT, the saturation current density is much larger than that of the proposed one, as shown in Fig. 6 . Fig. 6 shows the influence of L channel and N ncs on the current density of the conventional and the proposed TSPG-IGBT. For the conventional one, with the decrease of L channel , the V on decreases. However, the saturation current density increased dramatically which jeopardizes the SCSOA. For the proposed device with L channel = 1µm and N ncs = 1×10 16 cm −3 , the V on is large and the saturation current density is too small due to the premature turned on of the pMOS, which is not enough for surge current. With N ncs = 1 × 10 17 cm −3 , the V thP goes up and the P-layer is clamped at a higher value which increases the barrier for holes flowing from the Ndrift [17] . The barrier causes a large number of holes to be blocked at the cathode which reduces V on of the device [18] . The anode saturation current density is also improved but still restricted at a low value by the clamped P-layer for larger SCSOA.
As shown in Fig. 7 , the clamped-potential of the P-layer increases from 1.2 V to 7.1 V with the increasing N ncs (from 1 × 10 16 cm −3 to 2 × 10 18 cm −3 ), due to the higher threshold voltage of the pMOS [19] . Then, the clampedpotential of nMOS's intrinsic drain and the anode saturation current density also increase, as shown in Fig. 7 , which will jeopardize the breakdown voltage (as shown in Fig. 2 ) and the Short Circuit Safe Operation Area (SCSOA). When N ncs = 5 × 10 17 cm −3 , the saturation current density of the proposed one equals to that of the conventional one, which indicates they have an approximate SCSOA. Fig. 8 compares the SCSOA of the proposed structure with the conventional structure. Owing to the smaller saturation current density when N ncs = 1 × 10 17 cm −3 , the SCSOA of the proposed structure is about 1.75 times larger than that of the conventional structure. Fig. 9 compares the trade-off relationship between V on and E off by varying the doping concentration of P-collector. At E off ≈ 3.5 mJ/cm 2 , the on-state voltage of the proposed one with N ncs = 1 × 10 17 cm −3 is reduced by 0.3 V, compared with that of the conventional structure. Fig. 10 shows the turn-off waveforms of the proposed and the conventional structure. Even though the doping concentration of the P-collector (N pcol ) for the proposed one is reduced from 2×10 16 cm −3 to 1×10 15 cm −3 , both structures have the same on-state voltage (about 1.5 V). The E off of the proposed and conventional devices are 0.88 mJ/cm 2 and 3.58 mJ/cm 2 , respectively. The E off of the proposed one is reduced by about 75.4% even though the turn-off delay time of the proposed one is a little larger than that of the conventional one. This is because the high carrier concentration at the cathode side can be swept out quickly by the high electric field at the voltage rising stage of the turning-off [20] . After that, the proposed one has a smaller tail current at the current falling stage of the turning-off due to the lighter doped P-collector.
B. TRANSIENT CHARACTERISTICS

IV. CONCLUSION
A novel TSPG-IGBT with self-biased pMOS is proposed and investigated by numerical simulations. TCAD simulation results indicate that the concentration of the N-cs can be improved to 1×10 18 cm −3 without jeopardizing the breakdown voltage, because the potential of the N-cs is clamped by the self-biased pMOS. As a result, a 24% reduction in the saturation current density and a 0.3 V reduction in the on-state voltage are achieved without sacrificing the turnoff loss. Additionally, the SCSOA of the proposed one is 1.75 times larger due to the smaller saturation current density.
